Bloom's syndrome (BS) which associates genetic instability and predisposition to cancer is caused by mutations in the BLM gene encoding a RecQ family 3¢±5¢ DNA helicase. It has been proposed that the generation of genetic instability in BS cells could result from an aberrant non-homologous DNA end joining (NHEJ), one of the two main DNA doublestrand break (DSB) repair pathways in mammalian cells, the second major pathway being homologous recombination (HR). Using cell extracts, we report ®rst that Ku70/80 and the catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs), key factors of the end-joining machinery, and BLM are located in close proximity on DNA and that BLM binds to DNA only in the absence of ATP. In the presence of ATP, BLM is phosphorylated and dissociates from DNA in a strictly DNA-PKcsdependent manner. We also show that BS cells display, in vivo, an accurate joining of DSBs, re¯ecting thus a functional NHEJ pathway. In sharp contrast, a 5-fold increase of the HR-mediated DNA DSB repair in BS cells was observed. These results support a model in which NHEJ activation mediates BLM dissociation from DNA, whereas, under conditions where HR is favored, e.g. at the replication fork, BLM exhibits an anti-recombinogenic role.
INTRODUCTION
Bloom's syndrome (BS) is a rare human autosomal recessive disorder characterized by a predisposition to the development of all types of cancer and by a chromosomal instability including an increase in chromosome breakage, sister chromatid exchanges (SCEs) and symmetric quadriradial chromatid interchanges between homologous chromosomes (1) . BS results from mutations in both copies of the BLM gene located on chromosome 15 at 15q26.1. This gene encodes the BLM protein that belongs to the DExH box-containing RecQ helicase subfamily (2) . The BLM protein displays an ATPand Mg 2+ -dependent 3¢±5¢ DNA helicase activity (3) , but its function is still unclear.
Several studies have suggested a role for BLM in doublestrand break (DSB) repair. DSBs occur under physiological conditions, but can also be induced by a number of exogenous agents, constituting a major threat to genome integrity. In mammalian cells, DSBs can be repaired by two major pathways: non-homologous end joining (NHEJ) that permits the joining, precisely or not, of broken DNA ends containing little or no homology, and homologous recombination (HR) that requires a homologous sequence provided by either a sister chromatid or a homologous chromosome (4, 5) . HR includes several mechanisms such as gene conversion, singlestrand annealing and break-induced replication (4, 6) . NHEJ plays a dominant role during G 1 to early S phase of the cell cycle, whereas HR is preferentially used in late S to G 2 phases (7) . Furthermore, a competition may exist between NHEJ and HR (8±11), and an inhibition of the HR pathway by components of NHEJ has been reported (12, 13) .
Using an in vivo host cell end-joining assay, Ru Ènger and Kraemer (14) were the ®rst to describe a reduced and errorprone joining of linear plasmid DNA in BS cells. Recently, controversial results differing from those of Ru Ènger and Kraemer were published by two independent groups that analyzed the ef®ciency and ®delity of NHEJ in vitro in cellfree nuclear extracts prepared from BS cells (15, 16) . Langland et al. (16) showed that the ef®ciency and ®delity of DSB repair by BS extracts were comparable with those of normal extracts when ligatable ends were present. In contrast, Gaymes et al. (15) showed an increase in the activity of the NHEJ pathway in BS extracts, associated with repair in®delity and the formation of large deletions. Thus, no clear conclusions on the role of BLM in DSB repair via the NHEJ pathway can be drawn from these three studies. However, these studies only tested the NHEJ pathway that plays an important role in G 1 , whereas we have previously shown that the endogenous BLM protein is undetectable in G 1 . We and others have shown that BLM accumulated to high levels in S phase, that persisted in G 2 , which is consistent with a role for BLM in a replicative and/or post-replicative process (17, 18) . Several lines of evidence are in favor of an increase in DSB repair via the HR pathway in BLM-de®cient cells (19) . Indeed, BS cells are characterized by an increase in interchange between homologous chromosomes at homologous sites and by a 10-fold increase in SCEs (1) . HR mediates SCEs in vertebrate cells (20) , and a large fraction of SCEs in BS cells depend on Rad54 function, and thus are formed via HR (21) . Moreover, BLM recombinant protein promotes an ATP-dependent branch migration of Holliday junctions (22) . A model has been proposed in which a BLM defect would result in the annealing of free ends of newly synthesized daughter strands at sites of blocked replication forks, forming Holliday junctions. If these Holliday junctions cannot be resolved by a potential reverse branch migration activity of BLM, their resolution would generate DNA breaks that are repaired mainly by HR (22, 21) . Finally, Luo et al. (23) , who generated the only viable Bloom mice, showed that the gene targeting frequency obtained in the BLM-de®cient embryonic stem (ES) cells was 3.5-fold higher than that obtained in wild-type ES cells, and proposed that this accounts for the mechanism of elevation in SCEs.
These data, associated with our results showing that BLM is phosphorylated via the ATM pathway in response to ionizing radiation, known to generate DSBs (24, 25) , prompted us to explore the possible relationship between BLM and the key components of the NHEJ pathway, Ku70/80 and the catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs), and to analyze the capacity of BS cells to repair in vivo DSBs by NHEJ or HR.
MATERIALS AND METHODS

Cell lines and extracts
The Epstein±Barr virus (EBV)-transformed lymphoblastoid B-cell lines GM03403D and D1, and HeLa cells were cultured as previously described (17, 24) .
HeLa nuclear extracts from the Computer Cell Culture Center (Seneffe, Belgium), and D1 and GM03403D nuclear extracts were prepared according to Dignam et al. (26) .
DNA-PKcs-de®cient and -complemented cell lines (Fus9, alias M059J, and Fus1, respectively) (27) were kindly donated to B. Salles's group by Dr C. Kirchgessner (Stanford University School of Medicine, CA). Nuclear protein extracts were prepared as previously described (28) except that the ®nal dialysis was performed for 3 h at 4°C in an excess volume of 50 mM HEPES KOH pH 7.9, 10% glycerol, 100 mM potassium glutamate, 1 mM EDTA, 1 mM dithiothreitol (DTT). Extracts were immediately frozen and stored at ±80°C.
Antibodies
Anti-b-actin, anti-Ku70 (N3H10), anti-Ku80 (111), anti Ku70/ 80 (162) and anti-p460 (18.2 and 25.4) monoclonal antibodies were from Neomarkers (USA). The rabbit anti-Ku70 (C19) was from Santa Cruz (CA). The rabbit anti-BLM antiserum 1340 was generated and used as described (17) . Peroxidase-conjugated goat anti-mouse or anti-rabbit secondary antibodies were from Jackson Immunoresearch Laboratories (USA).
Oligonucleotides DNA binding assay. The 80mer oligonucleotide 5¢-GATTC-GGATCCGATCATGTATTGTATTATTGTGTATGACAC-ACAATGTGCATAATGTTAATGTGAACGAAGCTTCCC-GGG-3¢ carrying a 5¢ biotin moiety was annealed with the unmodi®ed 77mer oligonucleotide 5¢-GGGAAGCTTCGTT-CACATTAACATTATGCACATTGTGTGTCATACACAA-TAATACAATACATGATCGGATCCGAATC-3¢ in order to construct a 5¢-biotinylated double-stranded (ds) DNA with a 3¢-protruding end. Digestion of this double-stranded oligonucleotide with AluI restriction enzyme generated a bluntended 71 bp biotinylated DNA fragment. The 5¢-protruding 30 bp biotinylated DNA fragment was constructed by annealing the oligomer 5¢-TAAAGGGAACAAAAGCTGGG-TACCGGTGTT-3¢ biotinylated at the 5¢ end with the complementary 32mer or 34mer non-biotinylated oligonucleotide 5¢-CCAACACCGGTACCCAGCTTTTGTTCCC-TTTA-3¢ and 5¢-GGCCAACACCGGTACCCAGCTTTTG-TTCCCTTTA-3¢, respectively. A blunt-ended 30 bp biotinylated DNA fragment was constructed by annealing the above 30mer with the complementary 30mer oligonucleotide.
Electrophoretic mobility shift assay (EMSA). A 5¢-protruding 22 bp double-stranded oligonucleotide was constructed by annealing the 26mer 5¢-AATTCCGTCCCAGCTGGGCTC-TTCCC-3¢ with the complementary 22mer 5¢-GGGAAG-AGCCCAGCTGGCACGG-3¢.
PCR analysis. PCR analysis was performed by using two 21mer primers: 5¢-ATT CAG GCT ACG CAA CTG TTG-3¢ and 5¢-GTG AGT TAC CTC ACT CAT TAG-3¢, corresponding to positions 450±471 and 1213±1234, respectively, on plasmid pHRecSJ, and to positions 450±471 and 1266±1287, respectively, on plasmid pHRecCJI.
Plasmids
The pHRecSJ plasmid [ Fig. 5A and Smith et al. (29) ] is based on a pBluescript plasmid (Stratagene, CA) and contains the prokaryotic ColE1 replication origin and the b-lactamase gene. The plasmid is autonomously replicated in human cells due to the presence of the SV40 large T-antigen-coding sequence and its replication origin. This plasmid contains a target LacZ gene interrupted by a 376 bp fragment¯anked by a pair of the consensus V(D)J recombination signal sequences RSS12 and RSS23 because it was initially designed to analyze V(D)J recombination activity in human cells (29) . EcoRI and NotI restriction sites are located at positions 647 and 978, respectively.
The pRSJ plasmid [ Fig. 5B and Baldeyron et al. (30) ] is a derivative of pHRecSJ (Fig. 5A ) in which the SV40 large T-antigen-coding sequence and its replication origin were deleted.
The pHRecCJI plasmid (Fig. 4A ) is a derivative of pHRecCJ (29) 3 .4% glycerol, 6 mg of bovine serum albumin, 10 mM NaF, 0.2 mM sodium orthovanadate, 1 mM cantharidin (Sigma)] in the presence of 2 mM glucose and 0.2 U of hexokinase (Sigma) in order to remove traces of ATP. In some reactions, ethidium bromide (EtBr) was added to a ®nal concentration of 0.3 mg/ml to the reaction mixture and maintained throughout the immunoprecipitation procedure. Then, the reaction volume was adjusted to 200 ml with the IP buffer [25 mM HEPES-KOH pH 7.5, 100 mM NaCl, 20% glycerol, 5 mM EDTA, 1 mM DTT, 0.05% NP-40, 10 mM NaF, 0.2 mM sodium orthovanadate, 1 mM cantharidin and a protease inhibitor cocktail tablet (Roche Molecular biochemicals)]. Then 10 ml of magnetic anti-mouse IgG or anti-rabbit IgG immunobeads suspension coated with primary anti-bactin, anti-Ku70/80 (162) or anti-p460 (25.4) antibodies according to the manufacturer's protocol (Dynal) were added. The beads were mixed gently on a wheel for 4 h at 4°C. The beads were pulled down over a magnet and the supernatants were removed. After two washes with 1 ml of the IP buffer, proteins in the immunoprecipitates and in the supernatants were heated in SDS sample buffer and separated by 6% SDS±PAGE.
DNA binding assay
Five picomoles of biotinylated double-stranded oligonucleotide were immobilized on 10 ml of streptavidin paramagnetic beads (Dynabeads M280 streptavidin, Dynal) in 50 ml of 5 mM Tris±HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl for 30 min at 20°C under agitation. After washes with the same buffer, DNA-or mock-treated beads were incubated in a 50 ml reaction mixture containing 60 mg of nuclear protein extracts in the reaction buffer either supplemented with 2 mM glucose and 0.2 U of hexokinase (Sigma) (conditions ±ATP) or in the presence of 0.2 mM ATP, for 30 min at 30°C under agitation. The supernatant was removed and the beads were washed twice with 250 ml of the IP buffer; then the supernatant or the beads were heated in SDS sample buffer and proteins were separated by 6% SDS±PAGE. For phosphatase treatment, reactions were performed without phosphatase inhibitors and then 30 U of calf intestinal alkaline phosphatase (CIAP; New England Biolabs) was added or not to the reaction supernatant mixtures and incubated at 37°C for 60 min.
Immunoblotting
Protein samples resolved by SDS±PAGE were electro-transferred onto polyvinylidene di¯uoride membrane (Amersham Pharmacia Biotech). Membranes were blocked with 5% milk in phosphate-buffered saline (PBS) for 1 h at room temperature and proteins were immunoblotted with primary antibodies overnight at 4°C, and then probed with secondary antibody conjugated to horseradish peroxidase. Speci®c proteins were visualized as immunoreactive bands by the enhanced chemiluminescence detection system (Supersignal West Pico, Pierce). Providing extensive washing and probing ®rst with polyclonal antibodies had been carried out, successive immunoblottings were performed on the same membranes without stripping. For data presentation, ®lms were scanned and processed with Adobe Photoshop 3.0 software.
EMSA
Assays were carried out essentially as previously described (32) . Brie¯y, 5 mg of nuclear extracts were diluted in buffer containing 10 mM Tris±HCl pH 8, 150 mM NaCl, 1 mM DTT, 10% glycerol and 20 mg/ml circular pUC19 in a total volume of 20 ml. g-32 P-labeled double-stranded 22mer (0.25 ng; [g-32 P]ATP, Amersham, France) was added to the mixture, and the reaction was incubated for 20 min at room temperature. A 1 mg aliquot of anti-Ku70 antibody (C19) was added or not, and the mixture was then subjected to an additional 15 min incubation at room temperature. Samples were run on a 6% non-denaturating polyacrylamide gel in 0.5Q Tris borate/ EDTA buffer. Following electrophoresis, the gel was dried and autoradiographed.
Host cell DSBs repair assays
Linear plasmids (EcoRI-digested pHRecCJI and EcoRI±NotI-digested pHRecSJ) were separated from the deleted fragment and any uncut molecules by agarose gel electrophoresis followed by an electroelution (Biotrap, Schleicher and Schuell, France). Terminal phosphates were removed from the electroeluted EcoRI fragments by CIAP treatment (0.1 U/mg DNA) (Biolabs, Ozyme, France) for 1 h at 37°C. The fragments were recovered by ethanol precipitation after phosphatase heat inactivation (10 min at 75°C) and phenol/chloroform extraction, and assayed by bacterial transformation.
Transfections of lymphoblastoid cells were performed by electroporation. Brie¯y, 2 mg of linear and/or supercoiled plasmid DNA were introduced into 3 Q 10 6 exponentially growing cells by double-pulse electroporation (pulse 1: 800 V, 25 mF, 99 W; pulse 2: 100 V, 1500 mF, 99 W; Easy CellJect, Eurogentec). Immediately after transfection, cells were diluted into 10 ml of RPMI medium containing 15% fetal calf serum and incubated at 37°C. The transfection ef®ciency, measured by the use of a green¯uorescent protein (GFP)-based plasmid (Stratagene, USA) was similar (4±6%) for all cell lines studied. At 48 h after transfection, the cells were harvested, washed twice with PBS and stored at ±20°C. Plasmids were extracted by an alkaline lysis procedure (33) . Plasmids that were not replicated were eliminated by digestion with DpnI. Following dialysis against distilled water, plasmids were further electroporated into XL1-blue competent bacteria (Stratagene, CA) and plated on LB agar plates containing ampicillin (50 mg/ml). PCR analysis of the plasmids was carried out as described in the Results.
RESULTS
BLM, Ku70/80 and DNA-PKcs assemble on the same dsDNA molecule
The Ku heterodimer (Ku70/Ku80) is an essential component of DSB repair via NHEJ and represents the major dsDNA endbinding protein in human cells (34) . A functional interaction between Ku70 and the Drosophila Dmblm, homolog of the human BLM, was shown in vivo (35), and Gaymes et al. (15) reported that BS cells displayed an aberrant in vitro end joining of EcoRI-induced DSB dependent upon the presence of the Ku70/80 heterodimer. On the basis of these data, we examined whether BLM could interact with the DNA-PK complex that consisted of the heterodimeric Ku protein and a large catalytic subunit (DNA-PKcs). We were unable to directly co-immunoprecipitate BLM and Ku70 from HeLa protein extracts (data not shown). Then we studied whether DNA mediated BLM interaction with the DNA-PK complex, as is known to occur for Ku and DNA-PKcs (36, 37) . Immunoprecipitates were prepared from HeLa nuclear protein extracts supplemented with 77 bp double-stranded oligonucleotides, using either anti-Ku (162) or anti-DNA-PKcs (Ab25.4) antibodies, in the presence or absence of EtBr at a concentration known to disrupt most of the DNA±protein interactions. As shown in Figure 1 , BLM was detected on both anti-Ku and anti-DNA-PKcs immunobeads (lanes 2 and 4), but not on anti-actin beads (lane 1). However, addition of EtBr completely disrupted the interaction of both Ku and DNA-PKcs with BLM (lanes 3 and 5). The DNA-dependent Ku±DNA-PKcs assembly was also destabilized in the presence of EtBr (lanes 3 and 5), as previously described (36) .
Our results clearly show that BLM, Ku and DNA-PKcs can assemble on the same dsDNA molecule, but do not support interaction between these proteins in the absence of DNA.
The BLM protein is retained with Ku70/80 and DNA-PKcs on DNA, but only in the absence of ATP To further characterize the DNA-mediated assembly of BLM with Ku and DNA-PKcs, we performed an assay where double-stranded oligonucleotides were coupled to paramagnetic streptavidin beads and used as a target to retain proteins (37). The associated proteins were then analyzed by western blotting. Double-stranded oligonucleotides exhibiting different termini structures [30 bp, blunt; 30 bp, 5¢ protuding 2 nt single-strand (ss); 30 bp, 5¢ protuding 4 nt ss; 77 bp, 3¢ protuding 3 nt ss; 71 bp blunt] were coupled to beads. DNAtreated beads were incubated with HeLa nuclear protein extracts, in the presence or absence of ATP, which is crucial for DNA-PKcs function (38±41). No non-speci®c binding to the paramagnetic beads was detectable in the absence of DNA (Fig. 2A, lane 1) . BLM was present together with DNA-PKcs and Ku70/80 in the protein fractions retained on DNA, independently of the type of DNA termini, but only in the absence of ATP ( Fig. 2A, lanes 2, 4, 6, 8 and 10 ). Indeed, the BLM protein did not bind to any type of oligonucleotide in the presence of ATP ( Fig. 2A, lanes 3 , 5, 7, 9 and 11). Furthermore, analysis of the supernatants of the binding reactions clearly showed that in the presence of ATP, the unbound BLM protein was shifted to a slightly slower migrating form (compare in Fig. 2B , lanes 3, 5, 7 and 9 with lanes 1, 2 and 8). One can note that in the presence of ATP, the amount of DNA-PKcs retained on DNA beads was reduced, and Ku80 was shifted to a slower migrating form ( Fig. 2A,  lanes 3 , 5, 7, 9 and 11), as already reported (37) .
Hence, BLM, Ku70/80 and DNA-PKcs are present together in the protein fraction retained on DNA in the absence of ATP. In the presence of ATP, the BLM protein is shifted to a slightly slower migrating form that is not retained on DNA.
BLM is phosphorylated and dissociates from DNA in a DNA-PKcs-dependent manner It has been shown that in the presence of DNA and ATP, DNA-PK underwent rapid autophosphorylation of each of the three subunits, DNA-PKcs, Ku70 and Ku80, which correlated with a loss of DNA-PK kinase activity and resulted in dissociation of DNA-PKcs from the Ku±DNA complex (37, 38, 42) . In this context, our results suggest that in the presence of DNA and ATP, BLM could be phosphorylated by DNA-PKcs, which would result in its dissociation from DNA. To test this, DNA-treated (30 bp, 5¢ + 4 nt) beads were incubated in the absence or presence of ATP, with nuclear protein extracts from either M059J cells that do not express DNA-PKcs (DNA-PKcs-de®cient cells, Fus9) or M059J-complemented cells that contain an extra copy of the human gene coding for DNA-PKcs (DNA-PKcs-complemented cells, Fus1) (27) . As shown in Figure 3A , BLM from DNA-PKcsde®cient cells was retained similarly on DNA in both the absence and presence of ATP (lanes 2 and 3) . In contrast, BLM from DNA-PKcs-complemented cells was retained on DNA only in the absence of ATP (Fig. 3A, lanes 5 and 6) , as observed in HeLa extracts ( Fig. 2A) . Analysis of the supernatants of the binding reactions showed that in the presence of ATP, BLM protein from DNA-PKcscomplemented cells was shifted to a slightly slower migrating form (compare in Fig. 3B, lane 12 with lane 11) . In order to 
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determine if this shift was due to phosphorylation, the corresponding supernatant of the binding reaction was treated with CIAP. As shown in Figure 3C , phosphatase treatment resulted in the recovery of a band that migrated similarly to unbound BLM in the absence of ATP.
Notably, part of DNA-PKcs from DNA-PKcs-complemented cells dissociated from DNA in the presence of ATP (Fig. 3B, lane 12) , as expected (37) .
These results demonstrate that in the presence of ATP, BLM is phosphorylated and dissociates from DNA in a strictly DNA-PKcs-dependent manner.
Ku DNA ends-binding activity is not altered in BS cells
To further investigate the relationship between BLM and Ku, we tested the Ku DNA ends-binding activity in BLM-de®cient cells by using EMSA. A 32 P-labeled double-stranded oligonucleotide was incubated with nuclear protein extracts from BS GM3403D or wild-type D1 EBV-transformed lymphoblastoid cells, in the presence or absence of C19 anti-Ku70 antibody. As shown in Figure 4 , the same shifts (lanes 1 and 3) and supershifts (lanes 2 and 4) were observed with the protein extracts prepared from either BS or control cells. These results indicate that Ku DNA ends-binding activity is not affected in BS cells.
DSB rejoining ef®ciency and ®delity are not affected in BS cells
The above results and the controversial data on ef®ciency and ®delity of EcoRI-induced DSB repair in BS cells (14±16) prompted us to examine in vivo end joining in BS cells by using a plasmid-based host cell end-joining assay (43) . A cohesive-ended DSB was generated by restriction endonuclease EcoRI digestion of an autoreplicating plasmid pHRecCJI that contained two EcoRI sites separated by 49 bp containing a unique NheI site (Fig. 5A) . Precise end-joining repair of such a substrate would lead to restoration of a unique EcoRI site associated with a loss of the NheI site. Experiments were carried out in the BS EBV-transformed lymphoblastoid cell line GM03403D, homozygous for the blm Ash allele which contains a frameshift mutation commonly found in patients from Ashkenazi Jewish ancestry (2), leading to production of an undetectable truncated protein (17) . We used a wild-type EBV-transformed lymphoblastoid B cell line D1, which displays a growth rate comparable with that of BS GM03403D cells, as a control (data not shown). Exponentially growing BS and control cells were transiently transfected in parallel with the circular supercoiled plasmid and with the EcoRI-digested plasmid. After 48 h, the plasmids were extracted and non-replicated plasmids were eliminated by DpnI digestion which cleaves DNA that was not replicated in human cells and thus retained the bacterial dam methylation (43) . In our experiments, only recircularized plasmids could be replicated, ensuring that the recovered molecules were repaired in human cells. Replicated DpnI-resistant plasmids harvested from human cells were used to transform bacteria.
The DSB end-joining ef®ciency in BS and control cells was estimated on the basis of three independent experiments by calculating the ratio between the number of bacterial colonies obtained after transformation with repaired plasmids versus the control circular plasmids. We observed a high variability between each experiment in both BS and control cells, and the survival rate of linear plasmid relative to uncut plasmid varied from 13 to 39% in BS cells, and from 15 to 49% in control cells. These non-signi®cant differences led us to conclude that BS lymphoblasts are as ef®cient as normal cells in rejoining EcoRI DNA ends.
The DSB end-joining ®delity in BS and control cells was analyzed by performing PCR on 1782 bacterial colonies obtained after transformation with repaired plasmids using primers located on either side of the DSB. PCR products from accurately repaired molecules were up to 788 bp in length, thus migrating faster than PCR products ampli®ed from the native pHRecCJI plasmid (837 bp) used as the control, since they lack at least 49 bp. PCR products were subjected to EcoRI digestion to detect the error-free repaired molecules. We have found by analyzing three independent experiments that 644 of 939 plasmids (68.5%) and 577 of 843 plasmids (68.4%) were Figure 4 . Gel shift analysis of Ku DNA-end binding activity in wild-type and BS cells. EMSA was performed using nuclear extracts from either wildtype D1 cells (lanes 1 and 2) or GM03403D BS cells (lanes 3 and 4) and a 32 P-labeled double-stranded oligonucleotide as a probe. Supershift assays were carried out using C19 anti-Ku antibody (lanes 2 and 4). accurately joined in the control and BS cell lines, respectively (Fig. 5B) . Thus, BS cells are not defective in the ®delity of rejoining of EcoRI-induced DSBs, which is in agreement with the results published by Langland et al. (16) . Interestingly, the authors observed a 5-fold increase in mutation rate with BS extracts when terminal phosphates were removed from EcoRIdigested DNA substrate (16) . In order to determine the ef®ciency and ®delity of the repair of such a substrate in our system, EcoRI-digested plasmid was treated with CIAP before transfection into BS and control cells. The ef®ciency of the phosphatase treatment was con®rmed by an in vitro ligation followed by transformation. The end-joining ef®ciency of dephosphorylated EcoRI ends varied between 16.4 and 47% in the control cells, and between 23 and 42% in BS cells. The error-free joining of dephosphorylated EcoRI ends was 63% (357/567 repaired plasmids) in the control cells and 64.6% (370/572 repaired plasmids) in BS cells (Fig. 5B) .
These results demonstrate that the joining ef®ciency and ®delity of EcoRI ends without terminal phosphates is similar in BS and control cells.
The repair of DSBs by HR is signi®cantly increased in BS cells
To analyze the DNA DSB repair by the HR pathway in BS cells, we developed a two-plasmid assay. One plasmid, pHRecSJ (Fig. 6A) , is autoreplicating in human cells due to the presence of the SV40 large T-antigen-coding sequence and the replication origin (29) . The other plasmid, pRSJ, is a derivative of pHRecSJ in which the SV40 large T-antigencoding sequence and the replication origin have been deleted (Fig. 6B) . Thus, pRSJ is non-replicating but homologous to pHRecSJ, and can serve as a substrate for HR. The autoreplicating pHRecSJ plasmid was digested by the restriction endonucleases EcoRI and NotI, generating a substrate with a deleted 331 bp fragment and exhibiting non-complementary termini. The linear EcoRI±NotI pHRecSJ plasmid Figure 6 . Assessing the HR of DSBs in BLM-de®cient cells. (A) pHRecSJ plasmid contains the SV40 large T-antigen-coding sequence and its replication origin (SV40 ori) conferring on it the capacity to replicate in human cells. The target is a modi®ed LacZ gene containing unique restriction sites for EcoRI and NotI separated by 331 bp. (B) pRSJ, a derivative from pHRecSJ in which the SV40 large T-antigen-coding sequence and its replication origin have been deleted (30) . (C) The EcoRI± NotI DSB introduced into the pHRecSJ plasmid (A) can be repaired by NHEJ or by HR. In the latter case, the missing 331 bp EcoRI±NotI fragment would be restored. The pathway by which the EcoRI±NotI pHRecSJ plasmid was repaired was analyzed by performing PCR on bacterial colonies using primers located on either side of the DSB (see Materials and Methods). PCR products were migrated in a 1.2% agarose gel. PCR products from the molecules repaired by HR were 784 bp in length (lane 8) and displayed the same migration pattern as PCR products ampli®ed from the native pHRecSJ plasmid used as the control (lane 4) since they contained the 331 bp fragment. PCR products of 453 bp or less were repaired by NHEJ (lanes 1±3, 5±7 and 9±11). (D) The percentage of plasmids repaired by HR recovered from wild-type D1 cells and GM03403D BS cells. The input pHRecSJ plasmid was digested by EcoRI and NotI restriction endonucleases, generating a substrate containing noncomplementary termini, and lacking a 331 bp fragment. Both the Eco-RI± NotI pHRecSJ plasmid and the circular pRSJ were co-transfected into the control and BS cells. The pHRecSJ plasmids repaired by the HR pathway contain the EcoRI±NotI 331 bp fragment. The reported values are the average from three independent transfections. Bars and error bars represent the means and standard deviations, respectively, of the percentage of HR repair events. and the circular non-replicating pRSJ plasmid, containing the 331bp fragment missing in the pHRecSJ plasmid, were transiently co-transfected into GM03403D BS cells and D1 control cells. After 48 h, the plasmids were extracted and unreplicated plasmids were eliminated by DpnI digestion, as described above. In these experiments, all unreplicated pRSJ molecules were destroyed by DpnI digestion, and only repaired and replicated pHRecSJ plasmids were DpnI resistant. EcoRI±NotI end rejoining was globally less ef®cient than EcoRI±EcoRI end rejoining in both BS and control cells, but we again observed a high variability between each of the three experiments in both BS and control cells, and the survival rate of linear plasmid relative to uncut plasmid varied from 7.7 to 12% in BS cells, and from 1.5 to 20% in control cells. The EcoRI±NotI DSB introduced into the pHRecSJ plasmid can be repaired by NHEJ or by HR. In the latter case, the missing 331 bp EcoRI±NotI fragment would be restored. The pathway by which the EcoRI±NotI pHRecSJ plasmid was repaired was analyzed by performing PCR on bacterial colonies from the above experiments using the same primers as mentioned above. PCR products from the molecules repaired by HR were 784 bp in length (Fig. 6C, lane 8) and displayed the same migration pattern as PCR products ampli®ed from the native pHRecSJ plasmid used as the control (Fig. 6C, lane 4) since they contained the 331 bp fragment. PCR products of 453 bp or less were repaired by NHEJ (Fig. 6C, lanes 1±3, 5±7 and  9±11) .
To determine the percentage of EcoRI±NotI DSB molecules repaired via the HR pathway, we ®rst analyzed the PCR products from 883 rejoined plasmids from D1 control cells, randomly chosen from three independent experiments. As shown in Figure 6D , eight molecules in 883 (0.9%) were repaired via the HR pathway in these cells. Concerning BS cells, the analysis of only 386 rejoined plasmids, again randomly chosen from three independent experiments, was enough to show a signi®cant difference since 18 molecules in 386 were repaired via the HR pathway in BS cells (4.66%) (Fig. 6D) . Sequence analysis of 10 of these 784 bp PCR products from either BS or control cells con®rmed that each molecule recovered precisely the 331bp EcoRI±NotI fragment (data not shown).
Moreover, PCR products (43 BS and 46 controls) repaired by NHEJ were also subjected to sequence analysis. Termini rearrangements produced during the processing of the noncomplementary ends by EcoRI±NotI, which are mainly deletions varying from 1 to 358 bp (see Supplementary Material), were comparable in the control and BS cells. Only two out of 43 clones derived from BS cells and one out of 46 clones derived from control cells were accurately repaired, probably by ®lling-in of the 3¢-recessed end by a DNA polymerase to create a ligatable blunt end (see Supplementary  Material) .
Altogether, these results clearly show that the DSB repair by HR is increased more than ®ve times in BS cells compared with wild-type cells, whereas NHEJ remains unchanged.
DISCUSSION
In this study, we have ®rst shown that BLM, Ku and DNAPKcs assemble on the same DNA molecules only in the presence of added DNA. In our experimental conditions, EtBr destabilized the Ku±DNA-PKcs complex, as previously described (36) , and also disrupted the interaction between BLM and Ku or DNA-PKcs. Our results also suggest that BLM and DNA-PK complex bind to DNA independently, and are co-immunoprecipitated even if they do not physically interact, since we were unable to co-immunoprecipitate these proteins in the absence of DNA. However, we cannot formally exclude that binding to DNA facilitates their physical interaction, which does not resist the EtBr exposure. Another possibility is that other DNA-binding proteins are required to mediate the assembly of BLM and DNA-PK complex on DNA. Future experiments with BLM, Ku and DNA-PKcs puri®ed proteins will help address these questions. Altogether, our results indicate that BLM and DNA-PK complex can be located in close proximity on DNA. Since BLM does not unwind DNA double-stranded substrates (44) , it is unlikely that it is recruited with DNA-PK complex to process DNA ends. Moreover, we showed that BS cells display an accurate NHEJ (see below), indicating that BLM does not play a major role in this pathway. Thus, our results suggest that NHEJ and HR compete for DSB sites, which can potentially result in the simultaneous recruitment of proteins speci®c for each pathway, as discussed below. Interestingly, we also found that in the presence of ATP, BLM protein is phosphorylated and dissociates from DNA via a DNA-PKcsdependent pathway. Indeed, BLM phosphorylation and dissociation from DNA are not observed in M059J DNA-PKcsde®cient cells, whereas they are restored in M059J DNAPKcs-complemented cells. These results suggest that once the NHEJ pathway is activated, BLM is phosphorylated by the DNA-PKcs, which mediates its dissociation from DNA, possibly through the alteration of its substrate speci®city.
Our results that BS cells display an accurate NHEJ pathway are consistent with the data that BLM-de®cient cells are not radiosensitive (45) and are not defective in V(D)J recombination (46±49), and also ®t with the BLM expression during the cell cycle. Indeed, we have previously shown that BLM is undetectable in G 1 phase cells, whereas it is strongly expressed in S and G 2 /M cells (17) . These data do not support an important role for BLM during the G 1 phase of the cell cycle and, in addition, it is now admitted that NHEJ is essential in G 1 (7) . Our results are in agreement with those reported by Langland et al. (16) showing that ef®ciency and ®delity of DSB repair by BS extracts are comparable with those of normal extracts when ligatable ends (EcoRI) are present. However, when terminal phosphates were removed, we did not observe the increase in mutation rate in BS cells that these authors reported. In contrast, we found that 5¢-OH termini were joined accurately in BS cells, which is in agreement with the recent data showing that phosphate addition by human polynucleotide kinase is coupled to functional NHEJ (50) . Interestingly, mouse cell lines containing targeted mutations in Ku70, DNA-PKcs or XRCC4 do not exhibit an elevation of the rate of SCEs (9) rates of HR (51, 52) , indicating that wild-type p53 suppresses HR (53) . Moreover, p53 and BLM functionally interact in apoptosis (45) , BLM cooperates with p53 in regulation of transcription and cell growth control (54) , and p53 modulates BLM's ability to disrupt Holliday junctions (55) . It has recently been demonstrated that p53 and BLM functionally interact during resolution of stalled DNA replication forks (56) . These data suggest that the SV40-transformed BS ®broblasts lack not only BLM but also functional p53, which was shown to interfere with the BS phenotype (57) . The EBV-transformed BS cells that we used in the present study exhibit a normal p53 response to ionizing radiation (14, 57) , and are not impaired in the rejoining of linear plasmid [Ru Ènger and Kraemer (14) ; this study]. Hence, differences in p53 status could explain the apparent discrepancy between our results and those reported by other groups (14±16), suggesting that under certain conditions (e.g. p53 inactivation), BS cells can exhibit an NHEJ defect.
Finally, we demonstrated that the repair of DSBs by HR was ®ve times higher in BS cells than in control cells. These results are consistent with the high rate of SCEs and the increase in interchange between homologous chromosomes at homologous sites in BS cells (1) , and the 4-to 5-fold increase of spontaneous HR events induced by dominant-negative mutants of BLM (56) . HR is an important process in restarting broken replication forks through the break-induced replication (BIR) mechanism (58). Richardson and Jasin (59) reported that following an I-SceI endonuclease-induced DSB, almost all recombination events were initiated by only one end of the DSB, suggesting that BIR plays an important role in DSB repair in mammalian cells. Furthermore, BIR has been proposed to be involved in mammalian telomere maintenance in the absence of telomerase (ALT cells) (60) , and it has recently been shown that BLM promotes telomeric DNA synthesis in ALT cells, suggesting that it facilitates recombination-driven ampli®cation of telomeres in these cells (61) . Our data are consistent with a role for BLM in BIR, as recently proposed by other groups (62±64).
Several studies suggest that the NHEJ and HR pathways overlap, compete or act sequentially at sites of DSBs (8±13). Our results also suggest that NHEJ and HR compete for DSB sites, resulting in a simultaneous recruitment of the proteins speci®c for each pathway. We propose a model (Fig. 7) in which during S and G 2 phases, BLM stays at the site of the DSB during the time interval required for NHEJ to take place. Once the NHEJ pathway is activated, BLM is phosphorylated by the DNA-PKcs, and this phosphorylation mediates its dissociation from DNA. If the NHEJ fails to repair the DSB, the recombination machinery will replace it, as proposed by Delaco Ãte et al. (11) . Then the BIR process takes place, creating a single Holliday junction that will be resolved by the reverse branch migration activity of BLM, probably in association with topoisomerase IIIa (65) and, in some cases, with p53 (56), leading to the restoration of intact molecules. During replication, when a fork encounters a nicked template and gives rise to a one-ended DSB and an intact chromosome, the one-ended DSB invades the intact sister chromatid leading to the formation of a single Holliday junction (9). BLM's branch migration activity may resolve the Holliday junction, leading to the restoration of the replication fork. In the absence of a functional BLM protein, the Holliday junction will be resolved by either gene conversion (SCE) or by crossing-over between the homologous chromatids (symmetric quadriradial chromatid interchange). Alternatively, the Holliday junction will migrate to the end of the chromosome arm as a result of extensive DNA synthesis, leading to loss of a chromosom arm (loss of heterozygosity) (63) . This model fully explains why SCE, symmetric quadriradial chromatid interchange and loss of heterozygosity are hallmarks of BS cells.
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